Urolithiasis is a universal problem that has become increasingly prevalent in the United States and has a high rate of recurrence. Imaging of urolithiasis has evolved over the years due to technologic advances and a better understanding of the disease process. Computed tomography (CT) has been the investigation of choice for the evaluation of urinary stone disease. The emergence of multidetector CT and the recent introduction of dual-energy CT have further reinforced the superiority of this modality over other imaging techniques in the management of urolithiasis. Multidetector CT is not limited to simply helping make an accurate diagnosis in patients with stone disease; it is also useful in the assessment of stone burden, composition, and fragility, findings that are helpful in determining appropriate treatment strategies. In addition, multidetector CT is a valuable tool in the follow-up of patients after urologic intervention or institution of medical therapy. Familiarity with recent technologic developments will help radiologists meet the growing expectations of urologists in this setting. In addition, radiologists should be aware of the radiation risks inherent in the imaging of patients with urolithiasis and take appropriate measures to minimize this risk and optimize image quality. 
Introduction
Urolithiasis is a universal problem, affecting patients across geographical, cultural, and racial boundaries (1) . The prevalence of urinary stones has progressively increased in the industrialized nations, and a similar trend is being observed in developing countries due to changing social and economic conditions (1) (2) (3) . Approximately 1.2 million Americans are affected annually, and it is estimated that up to 14% of men and 6% of women will develop stone disease during their lifetime (4, 5) . In addition, many patients will be affected by multiple stones throughout their lifetime, with estimated recurrence rates of 50% within 5-10 years and 75% within 20 years. Recent studies have demonstrated an increasing overall prevalence, as well as an increase in the proportion of women with urinary stone disease over the last decade (6, 7) . The rising prevalence of urinary stone disease has had a significant impact on the healthcare system due to the direct costs involved and the morbidity associated with complications such as infection and chronic renal failure. The incremental cost of treatment for nephrolithiasis has been estimated to be approximately $3,500 per person in 2000 (8) (9) (10) . In the United States, the annual healthcare burden of treating urolithiasis has risen from an estimated $1.83 billion in 1993 to $5.3 billion in 2000 (8) (9) (10) .
Concomitant with the increasing prevalence of urolithiasis is the growing utilization of imaging for diagnosis, treatment planning, and posttreatment follow-up. Imaging in urolithiasis has evolved over the years due to technologic advances and a better understanding of the disease process. Since its introduction in the early 1990s, unenhanced computed tomography (CT) has become the gold standard for the evaluation of urinary stone disease at many centers-in both the emergency department and the clinic-replacing radiography and excretory urography (11) (12) (13) . The emergence of multidetector CT in 1998 and the introduction of dualenergy CT techniques have further widened the scope of CT and reinforced its superiority over other imaging techniques in the management of stone disease. Unenhanced CT performed in the emergency department for clinical suspicion of urolithiasis accounts for nearly 22% of all CT examinations performed for the evaluation of acute abdominal pain (14) . Dalrymple et al (15) found that nearly 55% of patients undergoing CT for the evaluation of acute flank pain did not have stone disease, and about 15% had other abnormalities that were detected. Furthermore, the identification of ureterolithiasis at imaging has been found to alter management in nearly 55%-60% of patients suspected of having acute renal colic on the basis of clinical features and laboratory findings (15, 16) . The current role of multidetector CT extends beyond helping render an accurate diagnosis. Multidetector CT also provides information regarding stone burden, composition, and fragility, all of which is of immense therapeutic value, not only in the selection of treatment strategies, but also in predicting success.
In this article, we discuss urologists' expectations of imaging in the detection, quantification, and characterization of urinary stones. We also discuss the radiation risks associated with frequent multidetector CT examinations for urolithiasis and suggest various strategies for minimizing these risks.
Stone Classification Based on Composition
A wide range of familial, environmental, dietary, and systemic factors contribute to the pathogenesis of renal stones (2) . Stones are composed of a combination of crystals (both inorganic and organic) and proteins (Fig 1) . Calcium-based stones, which include calcium oxalate monohydrate, calcium oxalate dihydrate, and calcium phosphate stones, account for 70%-80% of upper urinary tract stones. Struvite stones account for 5%-15% of stones and are composed of magnesium ammonium phosphate. In contrast, uric acid stones are unique in that they can often be dissolved with urinary alkalinization; they account for 5%-10% of stones and occur in acidic urine (pH <5.8). Other stones, including cystine, xanthine, and protein matrix stones, as well as drug (eg, triamterene, indinavir)-induced calculi, account for less than 5% of stones (1, 17) . 
Clinical Perspective
The most common symptom in patients with urolithiasis is acute flank pain, with dramatic relief upon passage of the stone (18) . Stones that are impacted at the ureteropelvic junction produce flank pain, whereas stones lodged in the proximal ureter (between the ureteropelvic junction and the iliac vessels) cause flank pain radiating to the genitals (18) . Stones lodged at the ureterovesical junction produce voiding urgency and suprapubic discomfort, and they cause pain that radiates into the groin and genitals (18, 19) . Associated symptoms include gross or microscopic hematuria, nausea, and vomiting. Struvite stones often remain asymptomatic without causing obstruction (18, 20) . Physical examination findings are usually nonspecific, and the examination should be targeted to rule out other abdominal conditions mimicking urolithiasis (11, 15, 18, 21) . A complete blood count and urinalysis are usually performed to rule out infection. Serum levels (eg, of electrolytes, blood urea nitrogen, creatinine, calcium, phosphorus, and uric acid) are determined to identify the cause of urolithiasis. Twenty-four-hour urine collections for detailed evaluation of metabolic abnormalities are usually reserved for patients with recurrent stones, children with stones, and identification of risk factors to guide management (18) . had a spontaneous passage rate of 68%, whereas stones greater than 5 mm but less than or equal to 10 mm had a spontaneous passage rate of 47%. Larger ureteral stones, or those that fail to pass with medical expulsive therapy, cause unremitting pain, nausea, or vomiting and may require intervention with SWL or ureteroscopy with fragmentation-extraction (30) . PCNL is the first-line treatment for large ureteral stones (>15 mm), which are most commonly lodged in the upper ureter (30) . Laparoscopic or open ureterolithotomy is rarely performed, but it may be used in certain refractory cases (35) . As with renal stones, the outcome of ureteral stone treatment is affected by stone size, location, and composition.
Imaging of Urolithiasis

Conventional Imaging Techniques
Conventional abdominal (kidney, ureter, bladder [KUB]) radiography as the sole imaging modality for the evaluation of nephrolithiasis is limited by several factors, including bowel gas, extrarenal calcification, and large patient habitus. These factors diminish the sensitivity of KUB radiography
Factors Influencing Treatment Decisions
The most important factors influencing decisions regarding urologic intervention are stone location, size, and composition, and patient symptoms (Figs 2, 3) (22) . Renal stones (ie, stones located within the renal collecting system, above the ureteropelvic junction) may be treated with shock wave lithotripsy (SWL), ureteroscopy, or percutaneous nephrolithotomy (PCNL) (Table) . The success of SWL, the least invasive of these three treatments, is related to a number of factors that may be evaluated with CT, including stone location (ie, lower pole of the kidney versus other calices), size, and composition, as well as stone-to-skin distance (SSD) (23) (24) (25) (26) (27) . Ureteroscopy with lithotripsy, a transurethral endoscopic procedure that makes use of lasers, pneumatic lithotrites, or electrohydraulic lithotrites to fragment stones, is gaining popularity due to high stone-free rates and minimal morbidity (23, (28) (29) (30) . At many centers, ureteroscopy with lithotripsy is performed as an outpatient procedure with modern ureteroscopes as small as 7.4-9.0 F in diameter (29) . This procedure is particularly useful in patients with stones that are refractory to SWL, as well as in patients with multiple stones, obesity, and bleeding diatheses. Although ureteroscopy with lithotripsy can be used for larger renal stones (ie, stones >2 cm), it is most commonly used to treat stones 0.5-1.5 cm in diameter (28) . Finally, for larger stones, staghorn calculi, or lower pole stones that are refractory to SWL or ureteroscopy, PCNL is the treatment of choice (20) . PCNL requires percutaneous ultrasonography (US) or fluoroscopically guided puncture of a renal calix, tract dilatation, and stone fragmentation-extraction (20, 31) . This procedure offers excellent stone-free rates for patients with large stones, and complications in modern series (most commonly, bleeding requiring transfusion or injury to adjacent organs) are low (0.8%-8% of cases) (20, (31) (32) (33) .
With regard to ureteral stones (ie, stones small enough to pass distal to the ureteropelvic junction and into the ureter), treatment often depends on stone size and type of interventional procedure (Figs 2, 3) . The first-line treatment is medical expulsive therapy (α-blockers or calcium channel blockers with or without steroids and nonsteroidal anti-inflammatory medications), as well as hydration and analgesia (34) .
A meta-analysis by Preminger et al (30) expectations of urologists in the assessment of stone disease. Identification of the number, size, and location of calculi and determination of the presence of hydronephrosis (ie, obstruction) are routinely made with multidetector CT (Fig 4) . High-resolution coronal reformatted images generated automatically from isotropic data sets obtained with 16-64-detector CT allow more rapid and accurate detection of urinary stones than do axial images alone (45, 46) . The quantification of stone burden with volumetric techniques, made feasible by the near-isotropic resolution of multidetector CT, holds great promise as both a tool for surgical planning and a predictor of treatment response (27, 47, 48) . In addition, multidetector CT helps in the assessment of stone fragility and composition with use of attenuation measurements and characterization of internal structure (49) (50) (51) (52) (53) . Differentiation between calcium-based stones and uric acid stones, previously achieved only with standard multidetector CT, has improved and is in the detection of urinary stones. However, KUB radiography is useful for planning fluoroscopically guided SWL and for monitoring the status of stone fragments after SWL, ureteroscopy, and PCNL (17) . Intravenous urography fails to help detect urinary calculi in 31%-48% of cases and carries the risks associated with the injection of iodinated contrast material (17) . Although widely available and cost effective, US has limited diagnostic value in the assessment of patients with suspected renal stones, even when performed by an experienced radiologist, particularly in the evaluation of distal ureteral calculi (17) . Endovaginal and transperineal imaging have been found to be sensitive in the detection of small stones in the distal ureter; however, they are operator dependent and are not widely used (36) .
Computed Tomography
Unenhanced helical CT has gained widespread acceptance as the initial investigation of choice for the evaluation of patients with suspected urinary tract calculi (37, 38) . Since the first description of its utility by Smith et al (11) in 1995, unenhanced CT has been found to have a high degree of sensitivity (95%-98%) and specificity (96%-100%) in the diagnosis of urolithiasis (12, (39) (40) (41) (42) (43) . CT has several advantages over other imaging techniques: It can be performed rapidly, does not require the administration of contrast material, is highly sensitive for the detection of stones of all sizes, and allows the detection of other unsuspected extraurinary and urinary abnormalities (12, 36, 38) . Extraurinary abnormalities including appendicitis, diverticulitis, pancreatitis, and gynecologic lesions such as ovarian torsion are often detected at CT in patients with nonspecific abdominal pain mimicking ureteral colic when the diagnosis may not be obvious prior to imaging (12, 15, 21, 44 ). An additional benefit of CT is its ability to reveal urinary abnormalities such as congenital abnormalities, infections, and neoplasms, whose diagnoses have a greater clinical relevance than does that of stone disease (44) .
Multidetector CT
The introduction of multidetector CT in 1998 has opened up new prospects for CT in the imaging of urolithiasis. Advances in multidetector CT technology that allow the acquisition of isotropic volume data, and concurrent advances with respect to postprocessing algorithms and imaging workstations that allow multiplanar and threedimensional evaluation of these isotropic data sets, have empowered radiologists to meet the greater now also easily achieved with dual-energy CT, an exciting new CT innovation with capabilities of tissue differentiation (54) .
Multidetector CT Technique.-The scanning technique and parameters for unenhanced multidetector CT for urolithiasis should be tailored to the indication. It is also important to keep in mind that a CT protocol for the evaluation of stone disease is not considered equivalent to routine unenhanced abdominopelvic CT. The former should typically include scanning of the entire urinary tract from the upper pole of the kidneys to the base of the urinary bladder (55) . Although bladder distention has been recommended for enhanced visualization of distal ureteral stones, the improved accuracy of multidetector CT due to the availability of coronal reformatted images usually obviates any patient preparation (45, 46, 55) . Thinner (1-3-mm) reconstruction sections are recommended for better detection and characterization of urinary calculi-particularly small stones, due to the reduction in partial volume averaging effect (13, 56) . However, acquiring 5-mm CT scans along with 3-mm coronal reformatted images has been found to improve stone detection while allowing radiation dose benefits (45, 57, 58) . Acquiring CT scans with a section thickness greater than 5 mm or scanning at 10 mm can lead to frequent missing of small urinary calculi and can also affect size and attenuation measurements due to partial volume averaging effect resulting in lower average values (12, 13) . Therefore, images can be prospectively acquired at 5-mm collimation, and the near-isotropic data set obtained with scanners having 16 or more detector rows can then be reconstructed at a 1-3-mm section thickness to reduce errors in attenuation determination (13) . In our practice, CT for stone evaluation is performed with a tube potential of 100-120 kVp and automatic tube current modulation with tube current ranging from 80 to 500 mAs (see "Radiation Dose").
Intravenous contrast material administration is not routinely required for the diagnosis of calculi at CT. In selected cases, however, contrast material administration may be useful for differentiating distal ureteral stones from phleboliths or vascular calcifications (59) . In other scenarios, such as the incidental detection of tumor or other diseases on unenhanced scans, contrast material enhanced CT may be required (11, 59) . Contrastenhanced CT is also useful in conditions such as ureteral strictures, duplicated system, or ureteropelvic junction obstruction, in which the delineation of aberrant genitourinary anatomy is necessary for effective treatment (59, 60) .
Value of Coronal Reformatted Images.-Axial
imaging data sets are frequently used in the detection of renal stones. Coronal or sagittal reformatted images are used to supplement the axial scans in tracing the entire length of the ureter and in identifying the exact site of stone impaction, as well as in detecting small (1-2-mm) stones at the renal poles. Because the urothelial system is coronally oriented, the detection of urinary stones is not only quicker but also improved with coronal reformatted images (Fig 5) (45) . In addition, the use of coronal reformatted images in conjunction ciency virus infection) (21, 61) . These stones have soft-tissue attenuation (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and are likely to be missed at unenhanced CT (61, 62) . However, the distinctive clinical manifestation of renal colic in a patient receiving indinavir therapy for human immunodeficiency virus infection, along with the presence of obstructive features at CT, usually helps clinch the diagnosis (62) . Intravenous contrast material may be administered in equivocal circumstances, with the stones being clearly depicted as filling defects in the contrast material-filled pelvicaliceal system or ureter on delayed phase images (62) .
The most direct CT sign for ureterolithiasis is a stone within the ureteral lumen, with proximal ureteral dilatation and a normal distal caliber (Fig 6) (11,55) . Ureteral dilatation may be absent in a small number of cases of ureterolithiasis. with axial scans has been found to facilitate the differentiation of calcifications such as phleboliths, calcified vascular plaques, and renal parenchymal calcifications from urinary stones (45) . Therefore, coronal reformation has been recommended as a useful adjunct to standard axial scanning, since it improves the detection of urinary stones that go unrecognized on axial scans and enhances radiologists' confidence (45, 46) .
Multidetector CT Signs.-Virtually all stones are visible at unenhanced CT, including those that are radiolucent on conventional radiographs, such as uric acid, xanthine, and cystine stones (21) . These stones have an attenuation value (>200 HU) greater than that of the surrounding soft tissue, and multidetector CT helps accurately localize a stone within the renal pelvicaliceal system or ureter. The only stones that are difficult to visualize at CT are pure matrix stones and stones made of pure indinavir (a protease inhibitor used in the treatment of human immunodefi-Dalrymple et al (15) reported that in patients presenting with acute flank pain, ureteral stones are most likely to be lodged in the proximal (37% of cases) and distal (33%) portions, as opposed to the midureter (7%) and the ureterovesical junction (18%). The diagnosis of ureterolithiasis can be confirmed on the basis of several secondary signs at CT as well (21, 37) . The most reliable signs include hydroureter, hydronephrosis, perinephric stranding, periureteral edema, and unilateral renal enlargement (21, 37) . Perinephric fat stranding and dilatation of the intrarenal collecting system have a positive predictive value of 98% and a negative predictive value of 91% for the detection of ureteral calculi (37) . Less reliable findings include unilateral absence of the white renal pyramid, thickening of the lateroconal fascia, and perinephric edema (21, 37) . Differences in renal parenchymal attenuation between obstructed and nonobstructed kidneys have also been used as a secondary sign of obstruction (21,37). Ege et al (37) reported that stones greater than 6 mm in diameter in the proximal ureter accompanied by more than five secondary signs of obstruction are more likely to necessitate intervention such as endoscopic removal or lithotripsy than are those with fewer secondary signs.
Extraurinary abdominal and pelvic calcifications such as phleboliths located in the expected course of the ureter on the symptomatic side may be mistaken for ureteral calculi. The routine use of coronal reformatted images, which allow tracking of the ureteral course, usually permits confident differentiation between calculi and other calcific processes. However, two signs, the "soft-tissue rim sign" and the "comet tail sign," have been described for the differentiation of ureteral stones from these calcifications (37, 63) . The soft-tissue rim sign consists of a halo of soft-tissue attenuation around a calcific focus and is very specific for ureteral calculi rather than phleboliths (37, 63) . The soft-tissue rim represents the edematous wall of the ureter around the calculus and has a sensitivity of 50%-77% and a specificity of 90%-100% (Fig 7a) (37,63) . The presence or absence of the rim is found to correlate with the size of the calculus rather than the degree of obstruction (37, 63) . The comet tail sign is created by an eccentric, tapering soft-tissue area adjacent to the calcification and is a reliable feature in the diagnosis of phleboliths (Fig 7b) (37, 63) . Another feature that is helpful in differentiation is the central lucent area seen in phleboliths, in contrast to the opacified centers seen in calculi (37, 63) . After urologic intervention, residual stones often need to be distinguished from in situ stents or nephrostomy tubes for optimal planning of follow-up. In such situations, the use of bone window settings for image interpretation often helps in making a visual distinction between stent and stone (Fig 8) (64) . Multidetector CT is often performed if urolithiasis is clinically suspected and may yield negative results. In such cases, it is quite unlikely that the stone was missed, and it is helpful to look at the involved side for secondary signs (21) . If multidetector CT demonstrates unilateral ureteral dilatation and perinephric stranding, and a thorough search fails to reveal a stone, two possibilities are likely: Either the patient has recently passed the stone, or the stone is present but not of sufficient size or attenuation to be visible (21) . On the other hand, if there is no ureteral dilatation or perinephric stranding, stone disease is highly unlikely. More often than not, acute flank pain mimicking urolithiasis is secondary to other causes, such as appendicitis, endometrioma, hemorrhagic cyst, ovarian torsion, diverticulitis, pancreatitis, and so on (11, 12) . The section thickness of CT scans should also be considered, since stones less than 5 mm in diameter are often missed at scanning performed with a 10-mm section thickness.
Stone Burden.-Stone burden evaluation at CT is one of the most important factors in determining treatment strategies and management in cases of urolithiasis (20) . The simplest and most common method of assessing stone burden is measurement of stone size. Measurement of stone size at CT is used to plan treatment and also helps accurately predict the rate of spontaneous passage of ureteral stones, as discussed previously (30, 65) . Accurate measurement of stone size is of paramount importance because it helps determine whether a patient is a candidate for medical expulsive therapy or urologic intervention, as well as what type of intervention is most appropriate (ie, SWL, ureteroscopy with lithotripsy, or PCNL) (30) . The greatest dimension of the stone is measured to the closest millimeter at CT. Although measurements have historically been performed with soft-tissue window settings (400/30), a recent study showed that the most accurate way to measure urinary stones is to use bone window settings (1120/300) with magnification (power of 4-5) (66) .
Linear measurement methods commonly used at either spiral CT or conventional radiography pose a problem in the stone burden quantification of irregularly contoured stones such as staghorn calculi (27) . Measuring the stone volume eliminates this problem because it takes into account the shape and diameter (in all dimensions) of the stone (27) . Various authors have used different methods to calculate stone volume and hence to estimate stone burden, such as electronically tracing the stone circumference on all stone-bearing images to generate a three-dimensional volume measurement, or using the product of three orthogonal measurements (27, 47, 48) . Novel semiautomatic segmentation tools can also be used to estimate stone volume. Stone volume has been shown to be valuable for preoperative planning, and it is often useful to perform both linear and volumetric measurements of stone burden (27, 47, 48) . In addition to being key to appropriate treatment planning, stone burden assessment can also be used to predict treatment success, particularly for procedures such as SWL (47, 48) . Wang et al (47) showed that a stone burden of more than 700 mm 3 as determined from the product of the three spatial dimensions is a significant predictor of failure for SWL.
Stone Fragility.-Knowledge of the internal structure of stones is another factor that can influence outcome following SWL, and it allows the clinician to be more selective in the choice of therapy. CT can be used to visualize the internal structure of stones, which is best appreciated when viewed with bone window settings and when imaged at high resolution with thin sections (67) . At CT, the internal structure can be considered to be either heterogeneous or homogeneous. Heterogeneous stones are characterized by the presence of internal low-attenuation areas (voids or dark areas), whereas homogeneous stones have a uniform internal structure (Fig 9) (51) . In vitro studies have shown that calcium oxalate monohydrate and cystine stones that appear heterogeneous at CT are more fragile than those that appear homogeneous and require less comminution with SWL (68). It is believed that heterogeneity in stone composition renders a stone susceptible to fragmentation with treatment, since the irregularities in stone structure act as focal spots for shock wave energy and the stone disintegrates more easily (68) . Conversely, homogeneous stones tend to be more rigid and therefore harder to break, often requiring more comminution and treatment sessions (51, 68) . Indeed, some authors suggest that the internal morphologic features of a stone rather than x-ray attenuation value correlates with the fragility of stones at SWL (51, 68) .
Stone Composition.-One of the key determinants of appropriate management in patients with urinary calculi is the knowledge of stone composition (Fig 3) . Determination of stone composition is of particular importance because (a) uric acid stones may be treated with urinary alkalinization as a first-line treatment, with surgical treatment being reserved for stones that do not respond to medical therapy; and (b) stones of certain compositions (eg, cystine stones), as well as calcium-based stones of certain attenuation, are extremely difficult to fragment with SWL (51, (69) (70) (71) . Stone composition also affects the efficacy of extracorporeal SWL. Brushite, cystine, and calcium oxalate monohydrate stones are hard and more resistant to fragmentation with SWL (50, (72) (73) (74) (75) . Historically, the clinical tools routinely used to infer stone composition have included urine pH, urinary crystals, prior stone history, presence of urea-splitting organisms, and conventional radiography (71, 76) . Ex vivo determination of stone composition is performed with infrared spectrophotometry or x-ray crystallography. More recently, there has been an increase in the use of CT for the assessment of stone composition (50, 71, 75) . Determination of stone composition can be accomplished at CT on the basis of the attenuation values of stones and with the help of dual-energy scanning.
Bellin et al (50) reported that helical CT attenuation as well as stone density can be used to predict stone composition in vitro with 64%-81% accuracy. Uric acid, cystine, calcium oxalate monohydrate, and brushite calculi have been identified in vitro with an accuracy exceeding 85% on the basis of attenuation measurements (50, (72) (73) (74) . Although the attenuation values of different types of stones (particularly struvite stones) vary among studies, CT is fairly accurate in helping predict stone composition in vitro (13, 50, 52, 71, 75) . The attenuation values of urinary calculi at 120 kV usually fall within certain ranges: uric acid, 200-450 HU; struvite, 600-900 HU; cystine, 600-1100 HU; calcium phosphate, 1200-1600 HU; and calcium oxalate monohydrate and brushite, 1700-2800 HU (13, 50, 52, 71, 75) .
Differentiation among stones is more complicated and less reliable in vivo. Among other factors, it is dependent on the size and accurate placement of the region of interest. Furthermore, attenuation measurement becomes more complicated in stones of mixed composition (35%-65% of stones) (1, 77) . Because stones of mixed composition, as well as struvite, cystine, and calcareous stones, have overlapping attenuation ranges in vivo, CT attenuation measurements have been most valuable in allowing differentiation of 100% uric acid stones from other stones (52). CT has not been shown to reliably help differentiate other types of stones or mixed stones (53) . Moreover, CT attenuation measurements are affected by the section thickness, as reported by Ketelslegers and Van Beers (56) , who found that stone attenuation decreased with an increase in section thickness. Dual-energy CT performed with either a single or a dual x-ray tube represents a unique advance in CT that shows great promise in the determination of stone composition (78) . This technique allows such assessment in a more robust manner, overcoming the limitations of measurements in Hounsfield units. A dual-source CT system is equipped with two x-ray tubes and two corresponding 64-detector arrays mounted on a gantry at a 90° angle (79) . Dual-source CT allows concurrent scanning at two different energies (80 and 140 kVp), and the resulting data can be exploited for tissue material characterization (80) . Differentiation of uric acid stones from other stones at dual-energy CT is facilitated by the inherent variation in the chemical composition of uric acid stones (composed of light elements such as hydrogen, carbon, nitrogen, and oxygen) compared with other types of stones such as calcium oxalate, calcium hydroxyapatite, cystine, and struvite stones, which are made up of heavy elements (eg, phosphorus, calcium, and sulfur) (80) (81) (82) . This difference in chemical composition accounts for the variable x-ray attenuation properties of uric acid stones and other stone types at low and high kilovolt peaks (80) (81) (82) . The dual-energy postprocessing software algorithm exploits this difference and assumes a mixture of water, calcium, and uric acid for every voxel of the scanned tissue (80) (81) (82) . The voxels that have dual-energy behavior similar to that of calcium are color coded in blue, whereas those whose behavior is similar to that of uric acid are color coded in red (Figs 10, 11) . The voxels that demonstrate linear attenuation behavior at the two different energies remain gray (80) (81) (82) . With dual-energy CT, it is possible to differentiate between pure uric acid, mixed uric acid, and calcified stones (80) (81) (82) . It is also possible to differentiate struvite stones from cystine stones by modifying the slope of three material decomposition algorithms (80) (81) (82) . In a study involving a phantom model, Primak et al (82) demonstrated that dual-energy CT can help distinguish uric acid stones from other types of stones with 92%-100% accuracy depending on stone size and patient attenuation. Dual-energy scanning for renal stones involves initial standard unenhanced low-dose multidetector CT of the entire abdomen and pelvis using a single-source technique. Once a stone has been localized, targeted dual-energy scanning (140/80 kVp) of the anatomic region containing the stone is performed to substantially decrease the radiation exposure. Figure 12 . Measurement of SSD in a 65-year-old man with a left lower pole renal stone. On an axial unenhanced CT scan, the distance from the center of the stone to the surface of the skin at 0°, 45°, and 90° is 6.40, 7.21, and 7.95 cm, respectively. The mean of these three values is used to represent the SSD (7.2 cm in this case). Dual-energy scanning can also be performed at single-source CT with rapid kilovolt peak switching, wherein an x-ray tube capable of rapid modulation of kilovoltage and milliamperage allows switching between low (80 kVp) and high (140 kVp) energy levels (78) . Unlike dual-source CT, with its image-based dual-energy processing, this technique features dual-energy processing of projection data (78) . In theory, this allows accurate material decomposition and monochromatic CT image display, which should potentially facilitate more precise tissue characterization and also substantially minimize imaging artifacts (78) . Indeed, initial in vitro experiments have shown reliable results in the differentiation of uric acid, cystine, struvite, and calcium oxalate stones. Stolzmann et al (83) reported that dual-energy CT had a sensitivity and specificity of 89% and 98%, respectively, for the detection of stones containing uric acid.
Treatment Planning.-In addition to providing valuable information about stone characteristics such as size, orientation, and location, multidetector CT also aids in the presurgical planning of interventional procedures such as PCNL (84) . One of the essential steps for successful percutaneous access is localization of the posterior calix (84) . Although lower pole or posterior middle calix access is sufficient to attain a stone-free status for stones in the renal pelvis and inferior calix, access via the superior calix usually facilitates the removal of staghorn calculi, upper ureteral stones, and superior calciceal stones (84). Multidetector CT not only assists in the selection of an appropriate calix for percutaneous access, but it also helps ascertain a safe path for puncture by depicting the relationship of the kidney to various surrounding organs such as the spleen, liver, and colon (58) . This is crucial, particularly in patients with spina bifida or severe scoliosis, in whom standard fluoroscopic guidance may be unsafe (58) . SSD as measured from the center of the stone to the skin surface on axial CT scans has been found to be a reliable predictor of stone-free status following SWL for lower pole renal stones (Fig 12) (26,70,85 ). Pareek et al (26) found that an SSD greater than 10 cm often resulted in failure to achieve stone-free status following SWL. Therefore, they suggested that ureteroscopic intervention or PCNL be performed in patients with an SSD greater than 10 cm at CT (26) . Although Jacobs et al (86) did not find conclusive evidence of the reliability of SSD, other authors have highlighted its value at axial CT (26, 70, 85) .
Posttreatment Evaluation.-Although it is critical to accurately determine stone characteristics prior to treatment to facilitate the selection of appropriate therapeutic strategies, it is also imperative to perform follow-up imaging after treatment. The purpose of imaging following either urologic intervention or medical therapy is essentially threefold: to confirm stone-free status, to identify the presence of residual stones, and to rule out obstruction in the urinary system (58) . The additional advantage of CT following urologic intervention lies in the detection of complications such as perirenal hematoma and urinoma (87) .
In the conservative management of ureteral stones, it is common practice to follow up patients with conventional radiography at 1-2-week intervals (21) . Although multidetector CT is increasingly being used in the management of urolithiasis, repeat CT may not be the best follow-up option due to radiation concerns (21) . The choice of imaging modality for the follow-up of these patients is usually made based on the visibility of the stone on the CT scout images (21) . If the stone is visible, conventional radiography is used for follow-up, with the CT scout images considered to be the baseline radiograph (21) . The location and character of the stone on the scout images will help locate the stone on follow-up radiographs (21) . If the stone is not visible on the scout images and is less than 5 mm in diameter, it is unlikely to be visible on a conventional radiograph and is likely to pass spontaneously (21) . Stones greater than 10 mm that are not visible on the scout images probably represent uric acid or xanthine stones and usually will not be visible on conventional radiographs either (21) . These patients need to be followed up with CT if management is conservative (21) . However, because most of these patients undergo intervention, this is unlikely to be a cause of concern (21). Therefore, it seems reasonable to obtain conventional radiographs at the time of the CT study in patients with stones 5-9 mm in size (21) . Reviewing conventional radiographs in conjunction with axial CT scans allows the expected location of the stone to be known precisely (21) . It seems prudent to use a low-voltage technique to obtain CT scout images in patients with suspected ureterolithiasis, since this will increase stone conspicuity (21) .
After urologic intervention, identification of residual stones is important because the recurrence rates are higher with persistent stone fragments (50%-80% of cases) than under stone-free conditions (10%-15%) (87) . Recurrence is more likely when residual fragments persist in the presence of urinary tract anomalies or in cases of infectious stones (87) (88) (89) (90) (91) . CT is the preferred method for detecting residual stone fragments following PCNL and SWL, as well as for determining the need for a second-look procedure (Fig 13) (87, 92, 93) . CT is particularly beneficial when complete stone clearance is desired or when the stones are faint or lucent at conventional radiography (94) . However, Osman et al (94) reported that CT does not yield additional information when the residual stones are opaque on KUB radiographs or scout images. CT also helps identify the location of residual fragments in relation to the nephrostomy tract, thereby facilitating retrieval of the fragments and reducing stone burden (58, 92, 93) . In addition, CT can alter the treatment approach on the basis of the detection of residual stones. For example, PCNL may be attempted following a failed SWL.
Radiation Dose
Despite the immense benefits of multidetector CT, a key concern regarding its use in stone disease is the risk of radiation exposure (12, 55, 95) . This is particularly true in young individuals who undergo repeated CT examinations due to recurrent stone disease and are consequently likely to be at risk for greater cumulative lifetime exposure (96) (97) (98) (99) . The reported effective radiation doses with unenhanced CT range from 2.8 to 13.1 mSv for men and from 4.5 to 18 mSv for women, all of which are higher than with excretory urography (1.5 mSv for three-film and 2.1 mSv for six-film excretory urography) (98, (100) (101) (102) .
Numerous practical approaches for dose reduction in CT for urolithiasis have been advocated in the literature and practiced at our institution (96, (103) (104) (105) (106) . Implementation of strategies targeted at dose reduction at every step of the CT protocol can considerably reduce the radiation dose for each CT examination. To begin with, limiting the scanning range is a useful step that is particularly beneficial for follow-up studies. A default scanning range for urolithiasis routinely extends from the dome of the diaphragm down to the pelvic floor. Restricting the range to include only the kidney, ureter, and bladder (ie, scanning from the top of the kidneys to the base of the bladder) can reduce radiation dose by an amount equivalent to that used for 15-20 sections (107). In addition, performing focused studies with scanning limited to the areas of interest also minimizes radiation exposure (eg, scanning only the renal area to assess residual stone burden after urologic intervention). Use of 5-mm-thick sections for diagnostic acquisition supplemented by 2.5-3-mm coronal reformatted images is another approach to reducing radiation dose without loss of diagnostic quality for stone detection. Studies have shown that use of 5-mm sections instead of the routine 1-3-mm sections can reduce the radiation dose by nearly 30%-50%.
The use of low-dose multidetector CT protocols in which the tube current (in milliamperes) and tube potential (kilovolt peak) are appropriately lowered has also been extensively studied in patients with calculus disease (106) . Use of very low tube current (50-100 mAs) compared with that used for diagnostic examinations can offer radiation dose reduction of up to 80% while maintaining diagnostic performance for stone detection (96, 103, 104 ). An accuracy of 93%-97% has been achieved in the detection of urinary calculi with these low-dose techniques (95, 96, 98, 101, 103, 104) . However, use of a fixed tube current is not suitable for patients of different sizes; rather, scanning technique must be customized to the size of the patient (108) .
Automatic tube current modulation technique is now available on all multidetector CT scanners and allows optimization of radiation dose in the x, y, and z planes on the basis of patient size and tissue density (105) . Although automatic tube current modulation software differs among manufacturers in terms of techniques and nomenclature, all of the software relies on certain operator-defined parameters to accomplish the dual objectives of reducing radiation dose and improving diagnostic accuracy. Noise index and reference milliamperage are two such parameters that can be adjusted on multidetector CT scanners to optimize radiation dose (105) . Although a noise index of 10-15 is routinely used in abdominopelvic CT at our institution, elevating the noise index to 20-35 reduces the radiation dose by 40%-70%. In our experience, a noise index of 20 is preferred for initial CT performed for urolithiasis. Subsequent follow-up CT examinations are performed with increasing noise index levels (increments of 5 per examination up to 35). Despite the benefits of elevated noise index levels, it is important to realize that very high noise index levels can cause severe graininess of images and impact accuracy in the diagnosis of small calculi. One potential solution might be the use of certain image processing filters such as noise reduction filters, which are designed to eliminate excessive noise. Another solution is the use of new iterative image reconstruction algorithms, particularly the adaptive statistical iterative reconstruction (ASIR) technique, which eliminates image noise associated with low-dose CT (Fig 14) . Analogous to the use of an elevated noise index, a low reference milliamperage of 100-160 mAs can serve as a practical means of achieving a lower radiation dose on multidetector CT scanners from other vendors (eg, Siemens).
Reducing the tube voltage not only has radiation dose benefits but also yields images with improved contrast, which is particularly advantageous for the detection of calculi (109) . Lowering the tube voltage from 120 to 80 kVp reduces the dose per CT examination by 35%-57% (Fig 15)  (109,110) . On the other hand, lowering the tube voltage without a proportionate increase in tube current results in degradation of image quality from noise and artifacts, which could potentially hamper the detection of small stones (109) . A reasonable solution to this potential problem is the weight-based selection of tube voltage (80-140 kVp) (110) . In general, patients weighing less than 150 lbs can be reliably imaged with 80-100 kVp, whereas for those between 150 and 300 lbs, a tube voltage of 120 kVp provides a good balance between radiation dose and image quality. In heavy patients (>301 lbs), a tube voltage of 140 kVp is recommended for radiation dose efficiency.
In spite of the continuing efforts to diminish radiation dose, caution is necessary to avoid "going overboard" with dose-reduction techniques. Lowdose CT can potentially degrade image quality in obese patients, and there remains a possibility of missing alternative diagnoses in selected patients with suspected urinary calculi (95, 98) . Therefore, customization of the scanning parameters to patient size and indication is necessary to facilitate achieving the dual objectives of improved image quality and diminished radiation exposure.
Future Directions
Much of the emphasis of continuing research in multidetector CT for urolithiasis is directed toward optimization of radiation dose and characterization of stone composition. Among recent CT developments is the ASIR algorithm, which allows the elimination of image noise at low-dose CT, with a consequent reduction in radiation dose without affecting image quality or lesion conspicuity. Initial studies with this new technique have yielded promising results, with a dose reduction of nearly 20%-80%. On the diagnostic front, the development of computer-aided diagnostic methods for the detection of urinary stones is likely to have a major impact, facilitating rapid diagnosis and optimizing patient throughput. Computer-aided diagnostic algorithms for calculus detection can be designed on the basis of attenuation values and optimized to detect calcium-based stones.
Conclusions
Multidetector CT currently plays an important management role in patients with urolithiasis, from the initial diagnosis in patients with acute flank pain to treatment planning and posttreatment follow-up. Keeping abreast of recent technologic developments will help radiologists meet the growing expectations of urologists. In addition, it is prudent to be aware of the radiation risk and to take appropriate measures to minimize this risk and optimize image quality.
